Recently, widespread environmental problems have become of great concern to producers and consumers, motivating the search for products that have biodegradability and security and are green[@b1]. Surfactants are consumed worldwide in large quantities every day and their characteristics have become almost as important to the consumer as their functional performance. The preparation of surfactant compounds relies on naturally occurring renewable feedstock and synthesis via ecologically acceptable technology[@b2]. N-Fatty acyl amino acid surfactants, which are one of the preferred choices for food, pharmaceutical and cosmetic applications, can be prepared by chemical methods using renewable raw materials, including amino acids and vegetable oils, and were recognized as soon as they were discovered early in the last century[@b3][@b4][@b5][@b6][@b7][@b8]. A large variety of amino acid/peptide structures and fatty acid chains can vary in their structure, length and number of carbon atoms, which explains their wide structural diversity and different physicochemical and biological properties[@b9][@b10][@b11].

Pupae of the silkworm *Bombyx mori* are an extremely valuable natural resource rich in protein, pupa oil, chitin and other ingredients, among which pupa oil accounts for \~23% and the protein accounts for \~65% of the whole pupa. Large quantities of pupa are turned out owing to the overproduction of silk and silk-based products in China and large amounts are used as dry feed in China. A small amount of the silkworm pupae is used as a functional food to treat adult diseases, including diabetes and high blood pressure, and to boost the immune system[@b12][@b13][@b14]. It has been shown that the utilization of pupal extract can lead to the development of new products, such as antioxidants, cosmetics and anti-aging therapies[@b15]. It was reported recently that fermented pupa powder has a protective effect in alcohol-induced hepatotoxicity in a rat model[@b16]. There are few studies in the literature, however, of silkworm pupae as raw materials for chemical industries.

The high cost of raw materials, including fatty acids and amino acids, have become a major factor restricting development of the surfactant industry. Combination of amino acids/peptides (hydrophilic groups) and fatty acids (hydrophobic groups) can form amphiphilic structures and has produced molecules with a high level of surface activity[@b17][@b18][@b19]. Some studies demonstrated the possibility of producing the mixed-chain surfactants known to have superior performance compared to single-chain surfactants[@b20]. The fatty acids in vegetable oil are mixed-chain compounds, and there is a tendency for researchers to choose vegetable oils for surfactant synthesis. For example, soybean oil was reacted with [l]{.smallcaps}-lysine to produce the N-ε-acyl-lysines[@b21]. Further, it was reported that the utility of soybean (*Glycine* *max*), corn (maize *Zea mays*) and olive oils (*Olea* sp.) as substrates for the synthesis of *O*-acyl homoserines[@b22], and the use of palm oil (*Elaeis* sp.) fractions as the raw materials for the synthesis of amino acid surfactants was investigated[@b23]. The pupae obtained from the native industrial byproducts should be readily available at relatively low cost.

The highly efficient use of pupae has long been a problem that needed to be solved for sericulture enterprise. This study was aimed at utilizing silkworm pupae as raw materials for the production of sodium N-fatty acyl amino acid (SFAAA) surfactants (e.g. raw materials as the waste products of industrial production of silk from *B. mori* pupae). Such progress is essential for growth in the use of silkworm pupae as renewable material, promoting the development of sericulture and reaping additional economic benefits; however, the silkworm pupae are very far from being exploited fully. Interdisciplinary collaboration involving chemistry, biochemistry and agriculture is needed to extend the uses of silkworm pupae available as waste products of the silk industry.

Results
=======

Synthesis of SFAAA surfactants
------------------------------

SFAAAs were synthesized as follows. (a) Fatty acids are prepared from pupa oil then modified into N-fatty acyl chlorides by treatment with SOCl~2~. Pupa proteins were hydrolyzed into a mixture of amino acids. (b) SFAAA was synthesized via the acyl chlorides and the mixture, followed by purification and neutralization with alcoholic sodium hydroxide. The yield of SFAAA was about 65% and a flow chart of the procedure is shown in [Figure 1](#f1){ref-type="fig"}.

Composition of pupa oil
-----------------------

In order to determine the composition of the fatty acids extracted from silkworm pupae, they were derivatized with methanol into fatty acid methyl esters (FAME) as described[@b24]. The FAME solution was stable for more than t2 weeks. The composition of fatty acids present in pupa oil was measured on a GC-MS (Agilent J&W scientific, Folsom, CA) and the GC-MS apparatus was linked to a PC running software designed for data acquisition and processing[@b24]. [Figure 2](#f2){ref-type="fig"} shows a chromatogram of the FMAE derived from silkworm pupa oil. [Table 1](#t1){ref-type="table"} gives the composition of fatty acids extracted from silkworm pupae and their relative contents.

Six fatty acid components were identified ([Table 1](#t1){ref-type="table"}). Both saturated and unsaturated fatty acids were found, including a very high proportion of unsaturated fatty acids, especially linolenic acid (\~63.59%) with linoleic acid (\~4.12%), stearic acid (\~6.26%) and palmitic acid (\~25.33%). Other fatty acids (palmitoleic acid \~ 0.17% and heptadecanoic acid \~ 0.09%) constituted \<1% of the total fatty acids.

Amino acid composition of PPH and SFAAA
---------------------------------------

The amino acid composition of synthetic samples and stock materials were determined with an L-8900 High-Speed Amino Acid Analyzer (Hitachi Co. Ltd., Japan) as described[@b31]. [Table 2](#t2){ref-type="table"} gives the amino acid composition of pupae protein hydrolyzates (PPH) and SFAAA. PPH consists of 17 amino acids, mainly Asp (16.87 mol%), Glu (17.55 mol%), Gly (8.08 mol%) and Ala (8.02 mol%). The SFAAA consists of 16 amino acids, mainly Gly (20.23 mol%), Asp (16.31 mol%), Glu (15.25 mol%) and Ala (7.53 mol%). The glycine content was higher in SFAAA compared to PPH. Among the other essential amino acids found, there was no significant difference between the amounts of PPH and SFAAA. They may be related to the side groups of other amino acids that are larger than glycine, thereby hindering their acylation.

FT-IR analysis
--------------

The FT-IR spectra of the pupa oil, fatty acids derived from pupa oil, the PPH and SFAAA surfactant synthesized from silkworm pupae are shown in [Figure 3](#f3){ref-type="fig"}. The FT-IR spectrum of pupa oil was consistent with the structures of a mixture of triglycerides ([Figure 3a](#f3){ref-type="fig"}). A typical ester carbonyl stretch was observed at 1742 cm^−1^. The peak at 3006 cm^−1^ (C = C) confirmed the presence of unsaturated carbon atoms, while peaks at 2925 and 2851 cm^−1^ of significant intensity were characteristic (-CH~2~ and -CH~3~ stretching bands) of the presence of long-chain alkyl groups. The formation of the free fatty acids was confirmed by the results shown in [Figure 3b](#f3){ref-type="fig"}. The FT-IR spectrum showed an intense carbonyl stretch at 1711 cm^−1^ that corresponded to the free carboxylic acid, which replaced the original ester carbonyl stretch of the starting material at 1742 cm^−1^. The intense signals centered on 1172 cm^−1^ (C--O stretch) associated with the glyceryl moiety had disappeared. Besides, a very broad O--H stretch associated with the carboxyl group was noted between 3500 and 2500 cm^−1^. Formation of the acid chlorides was confirmed by the presence of intense carbonyl absorption at 1800 cm^−1^ and the absence of the broad O--H band of the acid in the region of 3500--2500 cm^−1^ ([Figure 4](#f4){ref-type="fig"}). [Figure 3d](#f3){ref-type="fig"} shows the FT-IR spectra of the PPH. Two typical peaks were observed at 1645 cm^−1^ and 1550 cm^−1^, which were attributed to the amide Ι and amide ΙΙ. Formation of an SFAAA surfactant was confirmed by the presence of the peaks at 1410, 1620 and 1600 cm^−1^ in [Figure 3c](#f3){ref-type="fig"}, which are attributed to the C--N, C = O and COO^−^ groups, respectively. Besides, it shows an intense C-H stretch at 2925 cm^−1^ and 2851 cm^−1^ that corresponds to the long fatty acid chain.

Physicochemical properties of PPH and SFAAA
-------------------------------------------

Amino acids may be divided into polar and non-polar amino acids according to the polarity of the amino acid side chain; in other words, amino acids are ideal natural surfactants and have been used in the cosmetics industry[@b25]. In this work, the surface properties of the PPH had been measured.

The surface tension of PPH and SFAAA were measured using Wilhelmy tensiometry and the results of surface tension measurements are shown in [Figure 5](#f5){ref-type="fig"}, where we can see the surface tension of PPH and SFAAA decreases with increases of their concentration. This is typical behavior of surfactants in solution and is widely used to determine purity and critical micelle concentration (CMC) for a surfactant, because the amphiphilic structure leads the surfactant molecules to concentrate at the surface and, thus, reduce the surface tension. However, when the concentration of a surfactant reaches a certain point, the interface is fully occupied by surfactant molecules and, thus, cannot accommodate extra molecules, which is a sign of the formation of micelles in solution. At this moment, the surface tension of the aqueous solutions does not decrease further, which is taken as CMC. The CMC value was determined by measuring the surface tension of a surfactant as a function of concentration. In addition to CMC, physicochemical properties such as surface tension, *Γ*~max~, surface excess concentration at CMC; *A*~min~, occupied area per molecule at the CMC, and foam height were measured and the results are given in [Table 3](#t3){ref-type="table"}. As expected, the SFAAA had lower CMC and greater efficiency in lowering the surface tension compared to the PPH, and possessed better foaming capacity. The emulsifying power of the PPH and SFAAA in oil/water (O/W) emulsion is illustrated by [Figure 6](#f6){ref-type="fig"}, which shows the emulsifying power of the PPH and SFAAA in O/W emulsion was greater with ethyl acetate as the oil phase compared to benzene, and the emulsifying power of the SFAAA was far greater compared to the PPH, indicating PPH and SFAAA were better for emulsification in the polar organic solvent.

Discussion
==========

Vast quantities of silkworm pupae are produced with the over-production of silk products in China. However, the uses for silkworm pupal material is seriously restricted by its offensive smell, which is difficult for humans to accept. There are many procedures that can be used to remove the unpleasant odor[@b26] but the high cost seriously limits their industrial use. Large amounts of silkworm pupae are used as a substantially dry feed in China. Owing to the rich content of unsaturated fatty acids, a small amount of pupae is used commonly as a health food to treat human adult diseases, including diabetes and high blood pressure, and to boost the immune system[@b12][@b13][@b14]. The types of fatty acids present in pupae vary between species; the content of linolenic acid is highest in any variety in which it is necessary for the maintenance of growth[@b27]. It had been shown to be a potential inhibitor of aycloxygenase-2 (COX-2) catalyzed prostaglandin biosynthesis[@b28]. Some research proved vegetable oil can be used as feedstock for the synthesis of surfactants. However, the higher costs of raw materials, including vegetable oils and amino acids, gradually became a main factor restricting the development of the surfactant industry. The fatty acid chains vary in structure, length and number of carbon atoms. These facts can explain the wide structural diversity and different physicochemical and biological properties of the fatty acid chains[@b9][@b10][@b11]. The possibility of producing mixed-chain surfactants known to have superior performance over single-chain-length surfactants has been demonstrated[@b20]. The silkworm pupa is rich in fatty acids, which can be used as the raw materials for surfactant synthesis; nevertheless, the pupa oil is not used for the synthesis of surfactants. To date, the amino acids produced from pupa proteins have been used for surfactant synthesis[@b29]. Industrial pupal waste is a readily available and relatively inexpensive renewable material. In this study, the fatty acids and the proteins extracted from silkworm pupae have been developed into an environment-friendly N-acyl amino acid surfactant.

As is well known, amino acids are natural surfactants, which have been used directly in the cosmetics industry. However, they are not ideal surfactants, however, because they have poor surface properties. The data obtained from this study indicated SFAAA displayed a good surface property when the PPH was conjugated with the fatty acids from the pupa oil. The surfactant prepared entirely from silkworm pupae contains almost no odor. It would be a good choice, therefore, for developing pupae into a surfactant rather than food in the future. Generally, such research efforts could lead to an effective conversion from a cheap, renewable and readily available feedstock into a novel daily chemical product with a high value.

Methods
=======

Preparation of fatty acids
--------------------------

Fresh silkworm pupae were heated in an oven at 80°C for 48 h and then pulverized in a grinder. The dry powder (1 kg) was added to an extraction vessel (20 L), followed by the addition of hexane (4 L) and the mixture was stirred at 40°C for 3 h. At this point, the color of the extraction solution was orange. The organic solvent was recovered by a rotary evaporator and, finally, 230 g of pupa oil (\~23% of the dry pupa powder) was obtained. A 200 g sample of the pupa oil was placed into 800 mL of a hot (65°C) ethanolic solution of 2 M NaOH and stirred until the formation of a uniform solution, which was mixed with hot saturated sodium chloride to separate the sodium fatty acid from by-products (such as glycerol). The sodium fatty acid was dissolved in water and adjusted to pH 2 by dropwise addition of concentrated HCl with constant stirring; then it was rinsed with distilled water to remove excess HCl, and the fatty acids were collected with ethyl acetate (800 mL); finally, the organic solvent was removed and the extracts were dried with anhydrous Na~2~SO~4~. The product was obtained as a waxy solid (190 g, different pupa oils had different yields) with a melting point of 30--37°C.

Preparation of fatty acyl chlorides
-----------------------------------

The fatty acids derived from pupa oil were converted to the corresponding fatty acyl chlorides essentially as described[@b30] but with slight modification. A 150 g sample of crude fatty acids was dissolved in dichloromethane (DCM, Sigma-Aldrich) and the mixture was stirred mechanically at 15°C in a three-neck flask fitted with a gas scrubber (N~2~); 75 mL of thionyl chloride (SOCl~2~, Sigma-Aldrich) was added dropwise over a period of 25 min under reflux conditions; a catalytic amount of the *N*,*N*-dimethyl formamide (DMF, Sigma-Aldrich) was added to the flask. After the addition was complete, the mixture was heated gradually to 65°C for 2 h. Considerable darkening of the mixture was noted as the reaction progressed. Upon evaporation of the excess thionyl chloride, the product obtained was a dark brown and fuming liquid. Excess SOCl~2~ was removed under reduced pressure on a rotary evaporator at 40°C. The product (\~140 g, different cocoon varieties had different yields) was used directly in the next step without further purification.

Hydrolysis of pupa proteins
---------------------------

The defatted pupa proteins (100 g) were hydrolyzed at 125°C (0.235 MPa) with 1 L of 1.5 M HCl for 30 min and the hydrolyzates were purified as described[@b31]. The resulting lyophilized powder (96 g) was used for synthesis of the SFAAA surfactant.

Preparation of SFAAA
--------------------

The PPH (50 g) was dissolved in water (20%, w/v), neutralized with aqueous sodium hydroxide (2 M) and adjusted to pH 8--9. The prepared samples were placed into a four-necked flask equipped with an electronic stirrer and a programmable temperature controller (BILON-W-2003T, Tianjin Bilon Lab Equipment Co., Ltd, Tianjin, P. R. China). About 250 mL of acetone was added to the reactor, and 50 mL of fatty acyl chloride added dropwise, then sodium hydroxide (2 M) was added to the mixture while maintaining pH \~ 9. The reaction took place at room temperature for 4 h, by which time it was reddish brown and viscous. The reaction mixture was adjusted to pH 1--2 by adding 2 M HCl to induce precipitation after completion of the reaction; then it was filtered, the reddish brown precipitate (N-fatty acyl amino acid) was collected and washed several times with hot water and petroleum ether sequentially; finally, it was dissolved in ethyl alcohol to obtain a red product, and the pH of the reaction mixture was adjusted to 7--8 by the addition of alcoholic sodium hydroxide (2 M) with stirring at room temperature for \~30 min. The organic solvent in the reaction mixture was recovered and the product was dissolved in water to obtain the reddish brown product (SFAAA)[@b31]. The procedure for the synthesis of an SFAAA surfactant is shown in [Figure 7](#f7){ref-type="fig"}.

FT-IR analysis
--------------

The FT-IR spectra of PPH and SFAAA were obtained with a Nicolet 6700 series spectrometer (Thermo, USA) as described[@b31]. The spectra were read within the wave-number range between 4000 and 530 cm^−1^ for each sample in triplicate with a spectral resolution of 4 cm^−1^. The pupa oil, fatty acids and N-fatty acyl chloride were detected by pipetting 1 μL of those onto the attenuated total reflectance (ATR) crystal at 25 ± 0.1°C maintained with a DC-50-K10 temperature control unit (Thermo, USA). The number of scans per spectrum (*n* = 64 for solid PPH and SFAAA samples; *n* = 32 for liquid pupa oil, fatty acids and fatty acyl chloride) was selected according to a sufficient signal-to-noise ratio (main signals/baseline) and a reasonable read time.

Measurements of aqueous solution behavior of the PPH and SFAAA
--------------------------------------------------------------

The surface tension was determined by the Wilhelmy plate method at 25 ± 0.1°C[@b32] using a DCAT21 completely automatic surface tensiometer (Dataphysics, Germany). CMC was assessed at the breakpoint of the linear portions of the plot of surface tension against the logarithm of the PPH and SFAAA concentration. CMC was obtained from the breakpoint of γ -- ln*c* curves (i.e. the minimum concentration of sample solution at which the sample molecules are transformed from unassociated molecules to micelles). The surface tension at this intersection point was named the surface tension at CMC (*γ*~CMC~). For each concentration, the surface tension was measured in triplicate at intervals of 60 s after 150 s stirring and then averages were calculated.

*Γ*~max~ taken as the moles of surfactant molecules in the saturated solution of the surface portion is larger than the interior in the unit area before the formation of surfactant micelles. Thus, the arrangement of the surfactant molecules at the air--water interface can be reflected by the maximum surface excess concentration; and *A*~min~, the area occupied by a single surfactant molecule at the air/water interface; both of them can be calculated by applying the following Gibbs adsorption isotherm equation[@b33]: where *γ* is the surface tension in mN m^−1^, *C* is the surfactant concentration, and dγ/dln*c* is the slope from the plot of γ *versus* ln*c* ([Figure 4](#f4){ref-type="fig"}), *R* is the gas constant (8.31 J mol^−1^ K^−1^) and *T* is the absolute temperature. The occupied area per molecule at the CMC (*A*~min~) was obtained from the saturated adsorption; that is, the *Γ*~max~ is the surface excess concentration at the CMC: where *N*~A~ is Avogadro\'s number.

Foaming power: foaming properties were determined by the Ross--Miles method according to the international standard ISO696 at 50°C. Foaming production was measured as the height of the foam produced initially; the foam height was measured after 5 min to assess the stability.

Emulsifying power: the performances of the PPH and SFAAA in an O/W emulsion were tested using *n*-hexane and ethyl acetate as the oil phase, respectively. Equal volumes of samples (0.5 g/L) and organic solvent (*n*-hexane, ethyl acetate) as the oil phase were mixed individually into a measuring cylinder with plug, and vibrated violently for 5 min at 40°C. The tubes were kept for 30 min at 40°C. The volume of the emulsified layer was measured in triplicate and the average value was calculated[@b34].

The authors gratefully acknowledge the earmarked fund (CARS-22-ZJ0504) for China Agriculture Research System (CARS) and a project funded by the Priority Academic Program Development of Jiangsu Higher Education Institutions, P. R. China.

The authors declare no competing financial interests.

**Author Contributions** M.H.W. and Y.Q.Z. designed and performed research. M.H.W. performed the experiments in Figures 1--7 and Table 1. L.Z.W. performed the experiments in Tables 2--3. The main manuscript text, L.Z.W. prepared Figures 1--2. Y.Q.Z. revised this manuscript. All authors reviewed the manuscript.

![Flow chart of synthesis of SFAAA surfactant from silkworm pupae.](srep04428-f1){#f1}

![GC chromatogram of FAME from pupa oil.\
The FAME was analyzed by passage through an HP-5MS capillary column (5% phenyl methylsilox: 30 m × 250 μm i.d., film thickness 0.25 μm; Agilent; J&W Scientific, Folsom, CA). A 1 μL sample was injected in split mode (split/column flow ratio 20:1). The column head pressure of the carrier gas (nitrogen) was 200 kPa at the initial oven temperature; flow rate, 1 mL min^−1^; injection temperature, 280°C; oven temperature 40°C (6 min) increasing to 300°C over a period of 26 min. It was held at this temperature for 6 min. The output from the GC column entered into the ionization chamber of the mass spectrometer via an interface tube maintained at 250°C. Mass spectrometry (ESI, 70 eV, ion source temperature 200°C) was done in full scan mode. Quadrupole scan monitoring was at *m*/*z* 50 \~ 780.](srep04428-f2){#f2}

![FT-IR spectra of (a) pupa oil, (b) fatty acid derived from pupa oil, (c) SFAAA surfactant synthesized from silkworm pupa and (d) PPH.](srep04428-f3){#f3}

![FT-IR of fatty acyl chlorides.](srep04428-f4){#f4}

![Plot of surface tension *versus* the concentration of PHH and SFAAA at 25 ± 3°C.](srep04428-f5){#f5}

![Emulsifying power of PPH and SFAAA in O/W emulsion using *n*-hexane or ethyl acetate as the oil phase.\
Data are the mean of triplicate measurements.](srep04428-f6){#f6}

![Synthesis of SFAAA surfactant.](srep04428-f7){#f7}

###### Fatty acids composition of pupa oil obtained by GC-MS technique

  Retention times (min)    GC-MS (FMAE)        Fatty acids composition        \% of total
  ----------------------- -------------- ----------------------------------- -------------
  22.531                                      Palmitoleic acid (C16:1)           0.17
  22.738                                        Palmitic acid (C16:0)            25.33
  23.782                                  Fourteen methyl palmitate (C17:0)      0.09
  24.470                                        Linoleic acid (C18:2)            4.12
  24.537                                       Linolenic acid (C18:3)            63.59
  24.757                                        Stearic acid (C18:0)             6.26
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###### The amino acid compositions of PPH and SFAAA surfactant (mol %)

  NO    Name     MW      PPH    SFAAA
  ---- ------ -------- ------- -------
  1     Asp    133.10   16.87   16.31
  2     Thr    119.12   2.51    1.32
  3     Ser    105.09   6.58    6.34
  4     Glu    147.13   17.55   15.25
  5     Gly    75.07    8.08    20.23
  6     Ala    89.09    8.02    7.53
  7     Cys    121.10   0.72      0
  8     Val    117.15   4.95    2.36
  9     Met    149.21   3.57    2.66
  10    Ile    131.17   2.96    2.26
  11    Leu    131.17   6.85    5.49
  12    Tyr    181.19   5.19    3.26
  13    Phe    165.19   1.67    1.23
  14    Lys    146.19   6.01    5.56
  15    His    155.16   1.44    1.13
  16    Arg    174.20   1.08    0.98
  17    Pro    115.13   4.51    2.13

###### Physicochemical properties of PPH and SFAAA surfactant

  Samples    CMC (g/L)   γ~cmc~ (mN/m)   10^3^ × *Γ*~max~ (mol/m^2^)   *A*~min~ nm^2^   Height\* (mm)
  --------- ----------- --------------- ----------------------------- ---------------- ---------------
  PPH          4.47          49.92                  0.53                    0.31             8/3
  SFAAA        2.57          28.04                  1.52                    0.11            60/55

CMC, critical micelle concentration; *γ*~cmc~, surface tension; *Γ*~max~, surface excess concentration at the CMC; *A*~min~, occupied area per molecule at the CMC; foaming height (mm) measured at zero time/5 min, the values represent mean of triplicate determinations.
